In recent years attention has centered more on the details of structure and behavior of the meiotic chromosome rather than on its gross morphology alone. A strenuous attempt has been made to dis cover the cytological mechanism of genetic crossing over, and this work has led to a rather intensive study of meiotic prophases.
Introduction
In recent years attention has centered more on the details of structure and behavior of the meiotic chromosome rather than on its gross morphology alone. A strenuous attempt has been made to dis cover the cytological mechanism of genetic crossing over, and this work has led to a rather intensive study of meiotic prophases.
The behavior in many diploids has been thoroughly investigated.
Some work has been done on polyploids, chiefly triploids and tetraploids.
The findings of the various wokers do not agree very well as to the association of the chromosomes in either the prophase or in metapease stages.
The fact seems well established that in metaphase, behavior is variable, evidently depending upon the origin of the particular polyploid.
It is very probable that prophase behavior may likewise be variable where poly ploids have arisen from different sources. The material used in this investigation is unique in that the poly ploid series starts with a haploid tomato (Lycopersicum esculentum Mll.). From the haploid a diploid was derived asexually by decapita tion, and in a similar manner the tetraploid was produced from the diploid.
All three cultures are completely homozygous, all of the chromosomes of each homologous set being exactly alike.
The same would be true of all genes, barring mutations.
It is the purpose of this study to investigate the meiotic behavior of this polyploid series placing special emphasis upon the prophase in order to discover the nature of the association of the four chromosomes in the tetraploid.
Observations have also been made on certain significant micromorphological charac -1) Accepted by the University of Minnesota in partial fulfillment of the require ments for the degree of Doctor of Philosophy.
2) Paper No. 58, Department of Genetics, Iowa State College, Ames, Iowa. Only a comparatively small amount of work has been done on the cytology of polyploids, and most of this in recent years.
Belling and Blakeslee in 1923 (1) made a study of triploid Datura. At metaphase the chromosomes were associated in three's and at disjunction the distribution was one and two, and the number received at the poles was random. Only very rarely is the assortment 12 and 24. In a later work by the same authors (2) they observed 12 trivalents in the triploid and 12 tetravalents in the tetraploid.
Non-disjunction in the diploid is rare but of common occurrence in the tetraploid in which it occurs in more than 25 per cent of the pollen mother cells. In still a later work on haploid, diploid, triploid, and tetraploid Datura, Belling and Blakeslee (2) found no pairing in the haploid. Bivalents in the diploid, trivalents in the triploid, and tetravalents in the tetraploid were regularly observed. Non-disjunction was common in the triploids and tetraploids.
In the haploid distribution was random. A detailed study of meiosis in polyploids was made by Newton and Darlington in 1929 (27) . They investigated meiosis in triploid and pentaploid tulips.
In diploids pairing was always between homologous pairs of chromosomes. In both triploids and pentaploids the pairing started at several places in the length of the chromosome and was always between only two of the three or five chromosomes. Different pairs associate at different points and where the different associations meet there is an exchange of partner chromosomes. At diplotene the three homologous chromosomes may be held together by chiasmata to form trivalents or one may be free from the other two. This causes a variation in the number of trivalents at metaphase.
The authors suggest that there are two distinct stages of prophase, first that in which attraction exists between four threads, and that in which the attraction is between only two of these threads.
This work was con tinued by Darlington (6) using aneuploid hyacinths.
In this investiga tion the earlier findings were corroborated and expanded.
The same type of prophase pairing was found in this material as was found in the tulip pollen mother cells. The long chromosomes were found to have more frequent tetrasomic association than the short ones. This is attri buted by Darlington to the increase in frequency of chiasma formation.
In two further articles by Darlington and Mather (8) and Stone and Mather (31) using triploid Tulipa, and diploid and tetraploid Hyacinthus their previous findings were again corroborated and expanded.
The literature on tomato cytology is somewhat limited but the following work has a distinct bearing upon this investigation. however, which seems to be due to faulty fixation of the very delicate network of threads.
As the threads pass this zygotene stage there is no evidence whatever of pairing between any of the chromosomes or any of their parts. This suggests that there are no homologies and that 12 is the basic number for Lycopersicum.
The chromosome threads now reach a stage analogous to the pachytene. The diameter has increased, but the length remains about the same. The anastomosing threads are still present at the ends, and several may sometimes be seen to come from one end of a chromosome. Figs. 4, 5, and 6 show three levels through a single cell at pachytene. The nucleolus remains constant in size and chromaticity.
In normal meiosis the next stage is diplotene in which the chromo somes shorten and thicken, and loops occur between the paired ele ments. In the haploid the shortening and thickening occur but there is no looping whatever (Fig. 7) . This is further evidence that no pairing took place. The fine connecting strands are still present and they remain through the next stage, diakinesis, which immediately follows diplotene.
The chromosomes now become much shortened until they are about half a micron in diameter and one and a half in length (Fig. 8) . The connecting fibres are still present, and are of about the same thickness as in leptotene.
They disappear at about the time the nuclear membrane does, at which time the chromosomes pass into a pseudo-metaphase.
The nucleolus persists until latest diakinesis and loses neither size nor chromaticity.
This suggests that it has nothing to do with the chromatin in the chromosomes, for they have now reached their maximum size and greatest chromaticity.
As the nuclear membrane disappears the spindle makes its appear ance. At this stage the spindle is often multipolar, but soon becomes distinctly bipolar. The chromosomes do not line up on an equatorial plate but become more or less randomly distributed over the spindle (Fig. 9 , and Pl. 10, Fig. 1 ). The first meiotic division is a pseudoreduc tion division, the distribution of the chromosomes being at random. The commonest distribution is six and six, but five and seven, four and eight, and three and nine are of common occurrence while two and ten, one and eleven are relatively rare and a single group of twelve is rarely seen. Figures 10, 11 , and 12 show some of these distributions. Part of the chromosomes occasionally lag so long that three groups are formed at the end of the first division. Evidence of this is found in the second division when cells are occasionally found with three spindles as in Figure 14 . There is a definite interphase reorganization of the nucleus in which a nuclear membrane is present. The nucleous does not usually appear and reconstruction of the nucleus does not proceed very far before the second division is initiated.
At this stage the chromosomes show evidences of doubleness.
There may be from one to three nuclei at interphase depending upon the behavior in the pseudo-reduction division.
One chromosome is sufficient to form an interphase nucleus. Figure 13 shows a second anaphase in which the twelve chromo somes divided regularly. This is further evidence that all twelve chromosomes are occasionally included in one group at the end of the first division. first distribution of seven and five. Fine spindle fiber-like structures often form between the unlike groups but they play no part in the actual division. After the end of the second division the chromosomes become reduced in size and anastomosing threads are evident.
The nuclear membrane and nucleolus also appear at this time.
At the so-called tetrad stage which now follows there are usually four cells present bounded by a single thick wall (Fig. 17) . Occa sional diads are to be seen (Fig. 16) . Each cell of a diad has a normal appearance suggesting the presence of a complete complement of chromosomes. The occasional good pollen grains probably arise from these diads. There are also present at the tetrad stage groups of six instead of four (Fig. 18) . The individual cells are usually somewhat variable in size. The cells in the tetrads or in the sextets cannot contain a normal set of chromosomes and when these separate to be come pollen grains they abort and appear only as empty shells.
The Diploid
The fertile diploid from the sterile haploid is completely homo zygous since the chromosomes of each pair are exactly alike. Entirely normal behavior should be expected and such proves to be the case.
The last premeiotic resting stage (Fig. 19 ) is characterised by numerous chromatic bodies of small but variable size and of an in determinate number.
Janaki-Ammal noted similar bodies in Nicandra (15) and considered them to be the resting chromosomes since she found their number was about the same as that of the chromosomes. Such is not the case in the tomato for there are always too many, but not enough for double the chromosome number.
These chromatic bodies, or prochromosomes, as they have been called, are present in all resting cells, both somatic and meiotic, of the tomato. In the resting nucleus under consideration the chromatic bodies are connected by numerous very fine anastomosing threads.
Usually several such thredas are connected to each body.
When the prophase is initiated the exact procedure is not clear for the next visible stage is one in which the chromatic bodies have disap peared and a network of fine threads has appeared (Fig. 20) . These are considerably thicker than the anastomosing fibers of the resting stage but still very slender. These threads are connected for a short time by extremely fine anastomoses which have usually disappeared by the time synapsis starts.
There may or may not be a synizesis stage. Synapsis does not depend upon it, and proceeds normally until all pairs are synapsed (Fig. 21) . The threads have remained thin through synapsis but as pachytene (Pl. 10, Fig. 2 ) is reached they become considerably thicker until they have a diameter of 0.3 to 0.4 microns. Figure 22 shows one complete thread and portions of three others.
The complete one is about 17 microns long. This is above the average length of pachytene threads.
The average is about 15 microns giving an ap proximate total length of 180 microns for the pachytene thread in the 20* diploid. Examined closely the threads will be seen to have a beaded structure as shown in Figures 23 and 24 . Figure 23 is a zygotene thread and 24 is pachytene. The cause of the increase in thickness from zygotene to pachytene, may be due to the secondary split occurring at this time.
Diplotene is regular and is characterised by the appearance of loops in the bivalent chromosome.
As the stage progresses the members of the pairs appear to be held together at certain points only. These points, as may be seen in Figure 25, somes. Undoubtedly such points of connection are chiasmata, and if Darlington's hypothesis is correct, they are responsible for the halves of the bivalents remaining paired from this stage until metaphase. Diplotene is also characterised by a great deal of shortening and a considerable amount of thickening of the chromosomes. As diplotene progresses and passes into diakinesis the chromosomes become much shorter until they are about two microns long and one micron thick. The members of the pairs are always in contact, usually being closely associated.
At diakinesis the association is usually side by side and the position of the chiasmata would be impossible to deter mine. Figure 26 and Plate 10, Figure 3 illustrate this stage. As may be observed, the nuclear membrane and nucleolus are still present.
As diakinesis merges into first metaphase the nucleolus and nu clear membrane disappear and the spindle makes its appearance.
The chromosomes contract further and become more closely associated until they are nearly round bodies about 1.2 microns in diameter ( Fig. 27 and Pl. 10, Fig. 4 ). Their double nature cannot be detected at this time. At late metaphase when disjunction has just commenced, a side view of the plate shows the chromosomes being stretched and separated in the direction of the spindle pull (Fig. 28) .
Disjunction is entirely normal and the chromosomes move to the poles in two compact groups with no abnormalities (Fig. 29) . Upon reaching the poles the chromosome group contracts until the individual chromosomes cannot be clearly distinguished.
Following this contrac tion the chromosomes, which until now have been nearly spherical, become uneven in shape and spread out. A nuclear membrane is formed and the nucleolus usually reappears at this time (Fig. 30) . This condition forms a distinct interphase in the tomato but there is no cell wall laid down between the nuclei. The double nature of the chromo somes is usually clearly evident and is characterised by a notch at one or both ends of many of the chromosomes (Fig. 30) . The extent to which the interphase nucleus is reorganized varies considerably but may continue to such a degree that the chromosomes become reduced in size and are connected by very slender anastomosing threads. This condition, however, is not usually reached because the second division is ordinarily initiated before the interphase reorganization advances so far.
Second metaphase develops very quickly for there are few inter vening steps. The chromosomes round up, the nucleolus and mem brane disappear, and the second metaphase plate is formed with a well defined spindle (Fig. 31 and Pl. 10, Fig. 5 ). Separation of these chromosomes is entirely normal and both groups divide simultaneously (Pl. 10, Fig. 6 ). Very shortly after the four groups of chromosomes have reached their respective poles a nuclear membrane surrounds them. The chromosomes, which until now have been approximately spherical, become elongated and irreguar in shape. At this time the nucleolus reappears. The size of the nucleolus has become reduced with each meiotic division. Before the first division it measured 2.5 microns in diameter. At interphase it was 2.0 microns, and after the second division it is only 1.5 microns in diameter. As the nucleus becomes more and more reorganized the chromosomes become more irregular in shape and anastomoses begin to appear between them (Fig. 33) numerous small chromatic bodies connected by a network of fine threads (Fig. 34 ). There is undoubtedly some relationship between the chromatic bodies and the chromosomes, but just what this relationship is cannot be said for there are always too many of them present to be individual chromosomes.
The Tetraploid
The last premeiotic resting nucleus in the microsporocytes of the tetraploid has the same appearance as that in the diploid except for a greater size. The leptotene stage is also the same except for a greater number of threads and also an increased nuclear size.
Following leptotene there is nearly always more or less synezesis. Many threads project out of the chromatic mass and occasionlly whole threads may be observed.
Synapsis was taking place at this time. This synapsis is between four strands as may be seen in Figures 35,  36 and 37. There is a close association between pairs of threads and a looser association between two of these paired or partially paired strands.
All four homologues are involved. Late zygotene shows a still somewhat loose association between pairs but in pachytene the association is fairly close; the occasional loops occur as in Figure 39 . This figure also shows the beaded structure characteristic of the pachytene chromosome. Figure 38 illustrates three complete threads of uniform thickness.
These threads suggest by their thickness a four strand condition. All of the threads are not of uniform thickness.
Those pictured are the thickest. It may be, there fore, that some of the pairing is between only two strands.
It is impossible, due to the complexity of the nucleus at this stage, to derter mine the total number of strands, and thus the number of tetravalents and bivalents.
However, it may safely be stated, from evidence of four strand pairing at zygotene and from the thickness of a considerable number of the threads at pachytene, that four strands do pair at least a part of the time.
Following pachytene the threads shorten somewhat and begin to separate, first in two parts, and later each of these parts begins to form loops somewhat similar to, but not quite so marked, as in the diploid. Figures 40 to 44 show some of the configurations found at this stage. The behavior of all the chromosomes of a nucleus is not uniform since diplotene seems to start with some while others are still in the pachy tene. Consequently a nucleus at diplotene shows a considerable amount of variation from one chromosome to another. At middle diplotene there are usually 12 tetrasomic groups more or less associated and forming configurations of considerable complexity. It was impossible to draw this stage because the tetravalents which are distributed around the inner surface of the nucleus obliterate all detail when drawn in one plane. At late diplotene the number of units has increased and it is obvious that some are bivalent while others are tetravalent.
Early diakinesis usually shows mostly bivalents and in later diakinesis few tetravalents are present. Figure 45 shows a cell at diakinesis in which there are 22 bivalents and what may be a terta valent, there being indications of connections between the members of opposite bivalents.
When tetravalents occur they always have this very to clump in fours. This may be a secondary pairing phenomenon but this point will require clarification. The nucleolus and nuclear mem brane have disappeard, and the spindle formation has begun. As full metaphase is reached the chromosomes once more spread out, and are in the form of bivalents (Fig. 47 and Pl. 10, Fig. 7) . At late metaphase, when the influence of the spindle is evident, a side view shows 24 bivalents as shown by Figure 46 . Disjunction is seen to be perfectly normal except in rare cases when lagging of one pair sometimes occurs. Figure 48 and Plate 10, Figure 8 show the regularity of this division. From this point the behavior is exactly the same as in the diploid. A distinct interphase always occurs in which the nucleus is surrounded by a membrane and the nucleolus is present. The doubleness of the chromosomes is apparent (Fig. 49) . Second metaphase is regular as is shown by Figure 50 , and Plate 10, Figures 9 and 10 . Following division four nuclei are formed each with 24 chromosomes surrounded by a membrane and containing a single nucleolus (Fig. 51) . These nuclei usually become well advanced toward the resting condition before the actual cytokinesis occurs. The nature of cytokinesis has not been observed, but no cell plate is formed by the spindle. In the fully formed tetrad the conditions are the same as were found in the diploid (Fig. 52 ).
Micromorphological Observations
A careful examination of the figures will reveal the fact that when the chromosome number is increased the size of cell, nucleus, etc. is also increased. Measurements on pollen grain diameter, cell diameter and nucleus diameter were reported by Lindstrom and the present author (25). These measurements will be included in the table and in addition others made in connection with the present investigation will be included.
Pollen grains, when present in.the haploid, must carry a normal set of 12 chromosomes and one would expect such grains to be of the same size as those of the diploid. Such was proven to be the case. In both cases the diameter is 25.7 microns, and the volume is 8,693.2 cubic microns. When the chromosome number is doubled the diameter is increased to 30.02 microns and the volume to 14,040 cubic microns. Thus while the size is greatly increased it is not quite doubled.
All measurements of cells, nuclei, and nucleoli were made at diakinesis since there is no significant change in the sizes of these structures from pachytene to metaphase. In all cases a regular in Table  1 Micromorphological measurements of the haploid, diploid and tetraploid* anastomoses are yet much finer, and from this stage to diakinesis there may be several attached to one end of a chromosome. Therefore, the continuous-spireme hypothesis does not apply to this material. The fact that no pairing occurs is in agreement with expectations if twelve is the basic chromosome number in Lycopersicum. This is in agre ment with he findings of other authors where the haploids had the basic number.
Where this was not the case some pairing occurred. It may therefore be concluded that 12 is the basic number in the tomato.
The only irregularity in the later stages of the haploid was the occasional formation of three spindles at second metaphase with the subsequent formation of hexads instead of tetrads.
No giant pollen grains were observed as were found by Gaines and Aase (11) in wheat, and by other authors in several haploids.
The diploid from the haploid is entirely regular and requires no further discussion than has been presented in describing its behavior.
The tetraploid is of interest from a number of standpoints and throws some new light upon chromosome association in polyploids. Lesley (20) , in an investigation of triploid tomatoes, observed at pachy tene and diplotene double and single threads united in a more or less continuous spireme but no sign of parasynaptic pairing between three threads.
However, at diakinesis she usually found twelve trisomes but makes no explanation of how this trisomic condition may have come about. Belling and Blakeslee in triploid and tetraploid Daturas found trisomes and tetrasomes respectively at metaphase, but did not ex amine the prophases.
In a series of investigations by Darlington and coworkers (6) (8) (27) (31) an attempt has been made to discover the behavior of chiasmata and the mode of pairing in polyploids. This work has been done on polyploids of Tulipa and Byacinthus.
The fol lowing essential facts were learned: (i) That pairing is between only two chromosomes at one point, but that pairing may start at several points at once and involve all the four homologues, which make an exchange of chromosome partners where two different associations meet. (ii) At diakinesis and metaphase the association is trivalents, tetravalent, etc., depending upon the number of homologous chromo somoes present, etc. (iii) Non-disjunction in tetraploids occurs fre quently.
(iiii) Pairing is conditioned by chiasma formation. The results obtained from this investigation do not agree with Lesley's findings since four strands have been found to pair parasynap tically. Neither does this agree with the Darlington group as to mode of association since more than two strands are seen to synapse at one creaed. It is interesting to note in this connection that the increase in size of the micromorphological characteristics parallels that of the gross morphological ones which also increase in size and coarseness with increased chromosome number. Summary 1. The tomato polyploid series, haploid, diploid, and tetraploid has been described with special reference to the prophase of micro sporogenesis.
2. The resting nucleus of the haploid contains prochromosomes. There is no pairing of threads and the spireme in prophase is not con tinuous.
Metaphase-anaphase distribution is random. Second meta phase is regular except that three spindles are sometimes present. Normal spores occasionally result from non-reduction at first division. Hexads are occasionally found.
3. The diploid produced by the decapitation method, is completely homozygous, and the meiotic behavior is entirely regular.
4. The tetraploid, also produced by the decapitation method, is likewise homozygous.
Four strand pairing occurs at synapsis. At diplotene the chromosomes usually appear as tetrasomes, but become separated into disomes at diakinesis and metaphase.
Disjunction is regular and subsequent behavior is normal and similar to that of the diploid. Tetrads always appear normal.
5. Measurements were made on the diameters of pollen, pollen mother cell, nucleus and nucleolus as well as tetrad, microspore and microspore nucleus, and these were compared in the , different individ uals. A definite increase in size was noted in each case when the chromossme number was doubled. Humphrey:
The meiotic divisions of haploid, diploid and tetraploid tomatoes
